Introduction
Despite the recent advances achieved in the treatment of leukemia in children, the prognosis of relapsed and refractory disease remains dismal with more than 50% mortality rate. [1] [2] [3] Acute and long-term toxicities of current chemotherapy agents often limit their further intensification, thus highlighting an urgent need for novel therapeutic approaches to develop newer, safer treatment protocols. One approach to circumvent such toxicity concerns is to consider activity in compounds with previously established clinical data and use, such as that of antimicrobials.
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Employing agents from the field of infectious diseases in the fight against cancer has historical precedence, as exampled by the chemotherapeutic fludarabine, which is a fluorinated nucleotide analog of the antiviral agent vidarabine; 4 or the tetracycline, doxycycline which has shown activity against breast cancer. 5 Here, we bring focus to a class of antivirals -the HIV protease inhibitors (PIs) -which have activity against pediatric leukemia.
The HIV PIs were first developed in the early 1990s, beginning with saquinavir that was rationally designed to fit the HIV aspartyl protease -an enzyme for which there are no human analogs. 6 First approved for use by 1995, the PIs have had over two decades of clinical use in the treatment regimens of HIV patients, including use in children. 6 In HIV patients on PI-based therapy, it was noted that there was a dramatic drop in the rates of HIV-associated malignancies, unrelated to the viral loads or CD4 counts. 7, 8 This had led to studies that evaluated the effects of PIs in cancer therapy. [9] [10] [11] Some of the earlier studies included murine xenograft models of Kaposi's sarcoma, whereby Sgadari and colleagues demonstrated several PIs had effects on tumor growth, invasion, angiogenesis, and survival. 10 , 11 Ikezoe et al pursued the PIs' application to multiple myeloma, demonstrating effects on cell cycle arrest and STAT3 and ERK signaling. 12 By the early 2000s, PIs have been shown to have activity in vitro against a number of adult solid tumors, the results of which are reported in a landmark paper by Gills et al. 13 Here, a 60-cell line panel of malignancies, including breast, colon, lung, renal, leukemia, and melanoma, were treated with nelfinavir (NFV) to reveal growth inhibition at ranges between 10 -5 and 10 -6 M. 13 Additionally, they confirm cytotoxicity via apoptosis and provide evidence for mechanisms of endoplasmic reticulum (ER) stress and autophagy. 13 Supported by the findings from these studies, a number of clinical trials have been conducted, with promising early results (Table S1 ). [14] [15] [16] [17] [18] For example, in treatment-resistant multiple myeloma, a phase I clinical trial of NFV with bortezimib showed partial response in one-third of patients, as well as safety and tolerability of NFV at doses used. 17 Similarly, in a phase I trial of advanced stage non-small-cell lung cancer, NFV given in combination with radiation resulted in complete response in five of nine patients and partial response in the remaining four patients. 18 Again, for a phase I trial in pancreatic cancer, NFV with radiation showed partial computed tomography (CT) responses in five of ten patients with a substantial reduction in tumor size atypical for radiation treatment alone. 16 Finally, a phase I a clinical trial of NFV against various adult solid tumors also showed partial responses in up to 3 of 11 of evaluable patients with drug safety and tolerability. 15 Additionally, there is some preclinical work on PI-derivatives showing promising results, including in leukemia. [19] [20] [21] [22] Despite the early promising data obtained from adult cancer studies, however, specific investigations directed against pediatric malignancies so far have not been reported. The present study describes the identification NFV-mediated cytotoxicity in pediatric leukemia cells and evaluation of mechanisms involved in this process. We also provide information on agents with potential for effective drug combination for evaluation in future treatment protocols.
Material and methods cell lines and cell culture
Cell lines used were SEM, C1, Molt3, TIB202, Molm13, and MV4-11, purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and are previously described. 23 Additionally, the cell line Poetic2.2 was also employed -a line developed in our laboratory derived from a 13-year old pre-B acute lymphoblastic leukemia patient with a p16 deletion (Conjoint Health Research Ethics Board [CHREB] number: HREBA.CC-16-0286). Cells were maintained in Opti-MEM media (Gibco, Invitrogen Corporation, Burlington, ON, Canada) supplemented with 10% heatinactivated fetal bovine serum, 100 units/mL of penicillin, and 100 µg/mL of streptomycin (Gibco) and incubated in a humidified 5% CO 2 incubator. Cells were passaged approximately every 3-5 days, by centrifuging the suspension and resuspending the pellet in fresh media. Primary leukemic cells were obtained after ethics board approval (CHREB number: HREBA.CC-16-0286) and written informed consent from the parent or guardian. Normal lymphocytes were obtained from healthy volunteers after receipt of their verbal consent. Lymphocytes were isolated by density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare Life Sciences, Mississauga, ON, Canada).
Materials and reagents
The antimicrobial library, consisting of 112 compounds (68 antibacterials; 39 antivirals; and five other) was purchased from Selleck Chemicals (Burlington, ON, Canada) and contained the PIs, NFV, indinavir, amprenavir, and atazanavir. Additional PIs -lopinavir, ritonavir, darunavir (DRV), and saquinavir were purchased from Sigma-Aldrich (St Louis, MO, USA). Compounds were dissolved in dimethylsulfoxide (DMSO) to a stock concentration of 10 mM. Subsequent dilutions were made using cell culture media, as needed, to gain concentrations of 40 to 10 -6 µM. 1 , and 10 µM) and the corresponding DMSO vehicle control, the drugs were added to the plates and incubated. After 4 days, cell viability was quantified using Alamar blue assay (Invitrogen, Burlington, ON, Canada) and cytotoxicity curves created. For the more detailed cytotoxicity curves, a larger dilution series was employed, and calculation of the half-and quarter-maximal inhibitory concentrations (IC 50 and IC 25 , respectively) were determined for each drug based on independent cytotoxicity plots.
Drug combination studies
Pediatric leukemia cells were cultured as described above. SEM and Molm13 cell lines were selected as representative cell lines for the set and underwent the initial synergism screen against 35 chemotherapeutic agents, both conventional and novel. For the drug combination studies, the chemotherapy agents were first plated at 1 and 0.1 µM concentrations in triplicate wells of 96-well plates. NFV was added to each according to predetermined IC 25 values. Cells were then plated at 5×10 3 cells/well. After 4 days of incubation, cell survival was quantified as above. Agents with the highest activity (ie, lowest IC 50 ) in combination with NFV were selected for more detailed analyses against all seven cell lines to confirm the consistency of the findings across the broader panel. Various concentrations, ranging from 10 to 10 -6 µM, were added to the wells alone or in combination with the corresponding IC 25 of NFV for that cell line. Cell numbers and viability were determined after 4 days. The combination indices (CIs) were determined as previously described, 24 where a CI 1 indicates synergy between the agents, CI =1 indicates that the agents are working additively, and CI 1 indicates that the agents are antagonistic.
Target modulation analyses
Target modulation by PIs was determined by Western blot analyses. Briefly, cells were incubated with the PI or appropriate control for 6, 12, or 24 h, as indicated, then lysed using radioimmunoprecipitation assay-based lysis buffer containing phosphatase and PIs. Lysates were resolved and transferred electrophoretically, and then probed using specific antibodies (Cell Signaling, Danvers, MA, USA; EMD Millipore, Billerica, MA, USA; and AbCam, Cambridge, UK).
Results
Pis show potential as antileukemics
Testing of the antimicrobial library against a panel of leukemia cell lines revealed several compounds with cytotoxic effects (data not shown), including several drugs from the antiviral class, the HIV PIs. As a group, these agents showed a class-effect cytotoxicity at the upper 10 µM concentration of the screen, reaching IC [20] [21] [22] [23] [24] [25] for NFV, ritonavir, and lopinavir. This provided the initial suggestion to further investigate this class of agents.
Pis as a class are cytotoxic to leukemia
Extending the findings from the initial screen, eight different US Food and Drug Administration-approved PIs were tested for cytotoxicity against the seven pediatric leukemia cell lines. Their IC 50 values are reported in Table 1 and range from 1 to 40 µM. As a comparator for clinically relevant plasma levels, the table also includes the typical drug levels obtained from HIV dosing regimens for each of the corresponding PIs. Boxes have been color-coded according to presumed feasibility of achieving that level in the plasma based on current HIV dosing regimens. 25, 26 Overall, the PIs with the most consistent activity across cell lines was NFV. Lopinavir, ritonavir, and saquinavir also showed activity against many of the cell lines tested.
nFV shows selective targeting of leukemic cells
Given the findings from the class analyses, NFV was selected for more detailed cytotoxicity assays. Assessment of activity against seven cell lines gave IC 50 s ranging from 1 to 24 µM ( Figure 1A) . To determine the degree of selectivity of NFV toward leukemia cells, two populations of normal lymphocytes from healthy volunteers were also screened and showed minimal cytotoxicity at the upper concentrations tested ( Figure 1A we show that treatment of these cells with NFV induces ER stress in the cell, as shown by elevated levels of the phosphorylated ER stress marker, eIF2α -a protein subunit that controls the initiation of mRNA translation. In its phosphorylated form, P-eIF2α prevents the further translation of proteins, reducing the ER workload in an attempt to allow the cell to recover. 27 When cells are treated with NFV, a concentration-and time-dependent increase in this marker was observed (Figure 2) . Also, there is simultaneous elevation of a downstream marker, CHOP, and an additional stress signaling marker, ATF3. This added cellular stress may subsequently induce the processes of autophagy and apoptosis ( Figure 3) . Immunoblots of autophagy markers show relatively stable levels of Beclin-1 and LC3B), in the treated and untreated cells ( Figure 3C and F) , consistent with the complexity and specificity of measuring autophagy in such systems. 28 We thus show additional support of the cells' reliance on this pathway through the use of autophagy inhibitors, 3-methyladenine and thapsigargin, which result in significant increase in cell death when the cell cannot Table 1 
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Nelfinavir targets pediatric leukemia Figure 2 er stress induced in nFV-treated and untreated cells. Notes: immunoblots of (A) time-dependent and (B) concentration-dependent effects. DrV has been included as a negative control, as it was found to be inactive at doses tested in the cytotoxicity assays. Then, upper incubation for each of the lysates employed above was 24 hour for seM, and 12 hour for Molm13. Abbreviations: Conc, concentration; DMSO, dimethylsulfoxide; DRV, darunavir; ER, endoplasmic reticulum; NFV, nelfinavir. 
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Meier-stephenson et al rely on this pathway (Figure 3D, E, G, and H) . Analysis of apoptosis markers shows increasing cleavage of both PARP and caspase-9 (via loss of the whole caspase-9) in both a time-and concentration-dependent manner, supporting cytotoxicity through apoptosis ( Figure 3A and B) . As a negative control, we included darunavir -a PI with no cytotoxic effects at the doses tested, and it is noted that DRV does not induce elevation of any of the stress or apoptosis markers.
nFV inhibits akt and mTOr signaling
Akt and mTOR signaling pathways are central to cellular proliferation and regulation of apoptosis in cells and are often upregulated in many types of cancers. 29 To determine the effects of NFV on these pathways, immunoblots were performed and show decreased phosphorylation of both Akt and mTOR with increasing concentrations of NFV (Figure 4 ).
NFV activity shows synergy with specific antileukemic agents
To determine which drugs NFV could be combined with to provide enhanced antileukemic activity, the SEM and Molm13 cell lines were screened against a panel of 35 different chemotherapy agents, both novel and conventional, with diverse mechanisms of action. The drug panel was screened alone and in combination with NFV at two different concentrations, 1 µM and 0.1 µM (Figures 5 and  S1 ). Based on these results, compounds that showed more than an additive change in cytotoxicity when combined were selected for more detailed studies to assess synergy and determine CIs. Agents selected were JQ1 (BET inhibitor), AT101 (Bcl-2 family inhibitor), and Sunitinib (TK inhibitor). CIs when tested across the panel of leukemia cell lines ranged from 0.07 to 0.95 for JQ1; 0.05-1.8 for AT101; and 0.013-0.6 for Sunitinib, implying synergistic effects across most cell lines ( Figure 6 ; Table 2 ).
Discussion
The acute and long-term toxicities of chemotherapy regimens used to treat refractory and relapsed pediatric leukemia have prompted the search for newer, safer agents. Here, through a search of antimicrobials, we identify the HIV PIs, with their decades of use and availability of pharmacokinetic and toxicity data, as potential candidates for the safe combination and incorporation into chemotherapy regimens.
The PIs have only just begun to be noticed for their anticancer properties with preliminary associations made in HIV patients with malignancies. 7, 8 NFV, in particular, has received the most attention with preliminary studies emerging in numerous adult malignancies, including castration-resistant prostate cancer, 30 
2587
Nelfinavir targets pediatric leukemia pancreatic cancer, 34 breast cancer, 35 and lung cancer 14, 18, 36 ( Table S1 ). Though never before reported in pediatric cancers, our current work on pediatric leukemias suggest that NFV would also have significant antileukemic properties, with IC 50 s ranging from 1 to 15 µM -concentrations that are physiologically obtainable based on current oral HIV dosing regimens. 25, 26 The mechanism by which NFV exerts its effects appears to involve the induction of ER stress (Figure 2) , which may drive the cell toward autophagy and ultimately, apoptosis (Figure 3) . A similar mechanism has been shown in some adult cancers in vitro where NFV has been shown to induce ER stress in head and neck, breast, and prostate cancer cells. [37] [38] [39] The autophagy induction is further characterized by the application of autophagy inhibitors, 3-methyladenine and thapsigargin, which greatly reduce cell survival when combined with NFV ( Figure 3C-H) . This is consistent with previous findings where, when similar inhibitors resulted in lethal or near-lethal cellular toxicity. 40 When the cancer cells' homeostatic mechanisms are overwhelmed, cells undergo apoptosis. Here, we also show elevated levels of apoptosis markers, including cleaved PARP and caspase-9, in response to NFV treatment, supporting this mechanism of cell death ( Figure 3B ).
NFV also acts by targeting crucial cell-signaling pathways, such as Akt and mTOR. 40 Here, we show that these mechanisms are present in its effect in pediatric leukemia cells, showing both time-and concentration-dependent effects on cell signaling (Figure 4) . Again, such signaling pathways are highlighted as a key target and one of the hallmarks in cancer. 41 Interestingly, it is this off-target effect on mTOR that has also been shown to play a role in the treatment of HIV infection. 42 Additional pathways implicated in the literature with NFV include oxidative stress mechanisms, 26, 43 decreased angiogenesis, 14, 44 and cell cycle arrest. 14, 26, 45 In future clinical trials, the inclusion of NFV in combination, rather than as a single agent, would provide additional benefits for breast cancer 35 and with bortezomib for myeloma. 17 For both cases, NFV was able to act synergistically with the standard therapeutics to overcome drug resistance. In the former case, NFV was able to enhance the effects of doxorubicin against a multidrug-resistant breast cancer cell line (MCF-7/ Dox), considered to be multifactorial and involving suppression of P-gp-mediated drug efflux, inhibition of Akt activation, and induction ER stress, leading to autophagy. 35 Similarly, in the case of myeloma, NFV was able to enhance bortezomib to overcome both bortezomib and carfilzomib resistance, again, attributed to ER stress leading to increased unfolded protein response (UPR) pathway-induced apoptosis. 46 Additionally, owing to its influence on cellular stress, NFV has also been 
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Meier-stephenson et al considered in combination with radiation therapy. 33, 39, 47, 48 To consider NFV's application in the treatment of pediatric leukemia, we examined a panel of mechanistically diverse chemotherapeutic drugs in combination with NFV. This screen revealed synergy with the BET inhibitor, JQ1, with CIs ranging from 0.07 to 0.97. Based on the evidence of NFV's influence on cellular stress and signaling targets, synergy with agents that alter epigenetic processes may be postulated. Indeed, there is evidence of synergy in literature of epigenetic drugs with both ER stress inducers and mTOR inhibitors. [49] [50] [51] Similarly, for other pathways revealed, the Bcl-2 family inhibitor, AT101, and the TK inhibitor, Sunitinib, synergy with drugs that induce ER stress have been shown previously. 36, 52 For these combinations, in our studies, CIs ranged from 0.05 to 1.8 and 0.013 to 0.6, respectively, providing evidence for their use together.
Conclusion
Pediatric leukemia remains a critical area for ongoing research as our current therapies remain toxic to healthy cells and relapses of chemoresistant-disease continue to occur at unacceptable rates. Here we show that HIV PIs, namely NFV, that has been employed for decades against the HIV virus in both adults and children, has selective anticancer effects with a therapeutic window compared to normal lymphocytes. We have also identified the potential mechanisms behind this observation. Finally, we show that the drug is able to act synergistically with certain currently approved antileukemic agents providing the framework to design of a future in vivo studies and subsequently early-phase clinical trials for refractory leukemia in children.
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